A series of -diketone derivatives of RGD peptidomimetics that selectively bind to Rv 3 and Rv 5 integrins were synthesized and covalently docked to the reactive lysine residues of monoclonal aldolase antibody 38C2. The resulting targeting devices strongly and selectively bound to human cancer cells expressing integrins Rv 3 and Rv 5 as analyzed by flow cytometry. In vitro and in vivo studies revealed that these novel integrin-targeting devices efficiently inhibit tumor growth. Thus, the combination of -diketone derivatives of RGD peptidomimetics that target cell surface integrins Rv 3 and Rv 5 with monoclonal aldolase antibodies through formation of a covalent bond of defined stoichiometry holds promise as a new approach to cancer therapy.
Introduction
In recent years, the use of monoclonal antibodies (mAbs) for the treatment of various diseases has grown rapidly. This is evident from the availability of a dozen of therapeutic mAbs recently approved by the U.S. Food and Drug Administration, as well as a considerable number of therapeutic mAbs that are in clinical trials. 1 Distinctive features of the antibody molecule that are important for therapeutic applications include antigen binding with high specificity and affinity, antibodydependent cellular cytotoxicity (ADCC), 2 and long serum half-life. 3 We reasoned that these features of mAbs can be combined in a complementary fashion with the diversity of low molecular weight compounds, which could potentially surpass mAbs in terms of specificity, affinity, and avidity of antigen binding. 4 Specifically, we focused our attention to a group of mAb conjugates that were derived from the combination of catalytic aldolase mAb 38C2 and integrin Rv 3 and Rv 5-targeting synthetic RGD peptidomimetics.
Aldolase antibody 38C2 and related catalytic mAbs that were generated by reactive immunization 5 catalyze aldol and retro-aldol reactions of diverse substrates. Hapten 1 ( Figure 1A ) was used as reactive immunogen in the generation of aldolase antibody 38C2. Its electrophilic -diketone functionality served to induce the generation of mAbs, which display in their hapten binding site a nucleophilic amine group that can covalently bind the -diketone to form an enaminone ( Figure 1A ). The nucleophilic amine group in the hapten binding site of mAb 38C2 and other aldolase antibodies was identified as the -amino group of a lysine residue activated by burial in a hydrophobic pocket. 6 This reactive lysine is essential for the catalytic activity of these aldolase antibodies. Alongside their use in natural product syntheses, 7 aldolase antibodies have been employed for selective prodrug activation in vitro and in vivo. 8 However, their unique feature of covalently interacting with a -diketone functionality merits a range of novel applications in the growing field of interface molecules that consist of a protein component covalently linked to a synthetic component. 9 Exploiting this, we reasoned that the attachment of the -diketone functionality to an RGD peptidomimetic would allow us to program mAb 38C2 with the integrin targeting properties. The resulting conjugate as shown in Figure  1B differs from conventional antibody conjugates in that (i) the synthetic component and not the antibody binds the target and (ii) the conjugation is highly defined by selectively engaging only the two reactive lysine residues of the antibody molecule. As a consequence, our design allows for the chemical programming of mAb 38C2 with the targeting modules in a stoichiometrically defined way, in which only the reactive lysine residues in the two binding sites of the mAb but not any other residues are modified. This feature of our approach makes the resultant antibody conjugate superior to conventional antibody conjugates, in which the mAb is randomly derivatized through surface lysine residues, cysteine residues, or aldehydes generated from oxidation of carbohydrates in the Fc region. 10 We set out to test our concept using targeting modules that selectively bind integrins Rv 3 and Rv 5. As a proof of concept, we developed compound 2, a -diketone derivative of an RGD peptidomimetic that selectively binds to Rv 3 and Rv 5 integrins. In a preliminary report, 11 we showed that 2 covalently bound to monoclonal aldolase antibody 38C2 and in doing so programmed the antibody to target tumor and endothelial cells that express integrins Rv 3 and Rv 5. In vivo, the complex of 2 and mAb 38C2 was shown to assemble spontaneously to increase the half-life of 2 in circulation by more than 2 orders of magnitude and effectively reduce tumor growth in mouse models. Here, we report design, synthesis, and assembly of a series of novel integrin-targeting devices using -diketone derivatives of RGD peptidomimetics including 2 and their ability to program mAb 38C2 for targeting human melanoma and metastatic breast cancer cells.
Results and Discussion
Integrins Rv 3 and Rv 5 are expressed on the cell surface of tumor infiltrating endothelial cells as well as certain tumor cells and have become investigational molecular targets for cancer therapy in a growing number of clinical trials. 12 Hence, a number of RGD peptides, peptidomimetics, 13 and mAbs 14 have been developed that efficiently target integrins Rv 3 or Rv 5. RGD peptide antagonists have also been used efficiently to deliver cytotoxic drugs, 15 transport polyamines for delivery of gene therapy agents, 16 and transport imaging agents for tumor therapy. 17 These Rv integrins as well as the related integrin RIIb 3 bind to a diverse set of extracellular matrix proteins largely through interaction with an RGD tripeptide binding site. Initial discovery of the integrins Rv 3-and Rv 5-targeting RGD peptides as well as synthetic RGD peptidomimetics 18 was based on already known skeletons of the antgagonists of integrin RIIb 3. Subsequently, a number of synthetic RGD peptidomimetics, including Smith Kline Beecham (SKB) compounds 3-5 19 and Merck compound 6 20 ( Figure 2 ), were developed, which bind very tightly to the Rv integrins and virtually do not bind to RIIb 3. Thus, these compounds promised to be suitable integrin binding moieties for the design of a targeting module that, by conjugation to mAb 38C2, would program the antibody for selective targeting of cells expressing the Rv integrins.
Synthesis of RGD Peptidomimetics Designed for Antibody Docking. We designed and synthesized targeting modules based on the integrin binding cores of RGD peptidomimetics 3-6. Initially, we focused on analogues of the SKB compounds 3-5. To incorporate a -diketone functionality that would allow mAb docking but would not interfere with integrin binding, a linker arm was designed. The location of the linker arm was determined on the basis of a study of a large number of published analogues of SKB compounds 3-5 and their structure-activity relationships. Both polymethylene and PEG linkers were studied. Figure 3 shows the structure of the synthesized targeting modules 2 and 7-12 that were based on the SKB compounds and contained a -diketone or biotin functionality. Biotin derivatives 11 and 12 were synthesized (i) for controls and (ii) to compare their noncovalent docking to an antibiotin mAb with the covalent docking of the corresponding -diketone derivatives to mAb 38C2.
Compounds 2 and 7-12 were synthesized via their intermediates 13-16 (Schemes 1 and 2). The latter compounds were prepared by modifying the synthesis of the parent SKB compounds 3-5 to accommodate the linker groups. Thus, as shown in Scheme 1, the known bromide 31 was reacted with mono-Boc-protected ethylenediamine (32). The resultant product 33 was amidated using aspartic acid derivative 34, giving 35. The latter was subjected to hydrogenolysis, and the free amine was then cyclized at high temperature under dilute conditions to provide 36. Both Boc and tert-butyl protecting groups in 36 were cleaved using TFA, and the product was reacted with N-Boc-protected 6-aminohexanoic acid NHS ester linker (37) to afford 38. Acid 38 was amidated with amine 39, and the product 13a was hydrolyzed using aqueous NaOH to afford the first precursor, 13. In a similar manner, compound 14 was prepared starting from 31 via 41 that was prepared by reaction of the former with mono-Boc-protected 4,7,10-trioxatridecane-1,13-diamine, 40. Compound 41 was amidated with 34, and the amide 42 was cyclized after hydrogenolysis to afford 43. The product obtained from the acid (TFA) treatment of 43 was reacted with (Boc) 2 O to reprotect the free amine function, and the resultant acid 44 was amidated with 39 to give 14a, which was then hydrolyzed under basic conditions to afford 14. Compounds 13 and 14 were treated with TFA, and the products were then reacted with the activated diketone (1a) or biotin (45) compounds to afford 7, 8, and 11.
Syntheses of the SKB compounds 4 and 5 based molecules are shown in Scheme 2. The syntheses started from the known bromide 46a. The methoxy group was deprotected and then reprotected as TBDPS ether to afford 46b. The latter product was reacted with monoBoc-protected 4,7,10-trioxatridecane-1,13-diamine, 40, followed by cbz-chloride to afford 47. Compound 47 underwent Heck arylation with dimethyl itaconate, and the resultant product 48 was hydrogenated using Pd-C catalyst in 1:1 solution of EtOH-AcOH. The crude product was cyclized without purification to afford 49. The TBDPS ether in the cyclized compound 49 was cleaved, and the free phenol 50 then underwent Mitsunobu reaction with alcohol 51 to provide 52. The N-oxide function was reduced, and the ester function in product 15a was hydrolyzed under basic conditions to afford 15, the precursor of compounds 2, 9, and 12. The latter compounds were obtained as before by Boc deprotection in 15 using TFA, followed by treatment with the activated esters 1a, 53, and 45, respectively. For the synthesis of compound 16, alcohol 54 underwent Mitsunobu reaction with phenol 50 to afford 16a. Basic hydrolysis of 16a afforded 16, which was deprotected and reacted with 1a to afford 10.
On the basis of the Merck compound 6, we designed and synthesized the -diketone compounds 17-23 (Figure 4) . Broadly, three types of derivatives were prepared. These differed from each other in the positioning of the linkers, which were attached at three locations. In compounds 17-19, the linker was introduced in the benzoic acid core. In compounds 20 and 21 the linker was attached to the aspartic acid mimic, and in compounds 22 and 23 the linker was attached to the guanidine-mimic nitrogen.
Compounds 24-30, the precursors of diketones 17-23, were synthesized by modifying the synthesis of the Merck compound 6 to accommodate the linker groups and then converted to 17-23 as described in Schemes 3 and 4. Scheme 3 shows the synthesis of compounds 17-19 via 24-26 starting from iodides 58a,b that were prepared by Mitsunobu reaction of phenol 55 with alcohols 56 and 57, respectively. Sonogashira palladiumcatalyzed cross coupling of 58a,b with TMS-acetylene followed by removal of the silyl protecting group afforded alkynes 59a,b. The latter compounds underwent second Sonogashira coupling with bromide 60b, and the resultant alkynes 61a,b were hydrogenated to afford 62a,b. Compounds 62a,b were hydrolyzed using aqueous base, and the products 63a,b were amidated with amine 64a to give 24 and 25, respectively. Compound 26 was prepared from 62b in four steps. First, the Boc protecting group was cleaved using TFA, then the product was reacted with the N-Boc 6-aminohexanoic acid NHS ester (37) to afford 65. The methyl ester of 65 was hydrolyzed, and finally the resultant acid was amidated with 64a. Conversion of the intermediates 24-26 to 17-19 was achieved in two steps. Thus, the Boc and tert-butyl groups in 24-26 were deprotected using a mixture of TFA and anisole in dichloromethane, and the resultant amino acids were then reacted with the NHS ester of the -diketone compound, 1a.
Syntheses of precursors 27-30 of the remaining targeting molecules 20-23 are shown in Scheme 4. Compound 68a has been previously synthesized starting from bromides 60a and alkyne 66 via alkyne 67a. 20 In an analogous manner compounds 68b and 68c were also prepared from 60b,c and 66 via alkynes 67b,c. Acid 68b was reacted with amine 64b, and the resultant product 69 was N-alkylated using alcohol 56 under Mitsunobu conditions to give 27. Similarly, 68c was amidated using 64a to afford 30 (Scheme 4A). For the synthesis of compound 29, amine 68a was alkylated by imine formation with aldehyde 70 followed by reduction with NaCNBH 3 to afford 71, which was then amidated using amine 64a (Scheme 4B). The remaining precursor, 28, was prepared by amide formation between amine 64c and acid 68b (Scheme 4C). Conversion of the intermediates 27-30 to 20-23 was achieved in two steps by deprotection of Boc and tert-butyl groups in 27-30 using a mixture of TFA and anisole followed by reaction of the resultant amino acids with 1a (Scheme 4), as described before for the synthesis of compounds 17-19 (Scheme 3).
Antibody Docking. Aldolase antibody 38C2 reacts covalently, yet reversibly, through its two reactive lysine residues with -diketone compounds to produce the corresponding enaminone derivatives. Both enaminone formation and the reversibility of the reaction between mAb 38C2 and -diketone compounds were confirmed by UV and surface plasmon resonance, respectively. 21 To determine whether our synthesized targeting modules with -diketone functionality, compounds 2, 7-10, and 17-23, would also covalently dock to the reactive lysine residues of mAb 38C2, a selection of compounds was incubated with 0.5 equiv of mAb 38C2 for 30 min at room temperature, and the catalytic activity of the mixture was analyzed using methodol as aldol sensor. 22 Using a fluorescence reader, we found that our synthesized targeting modules with -diketone functionality completely inhibited the aldolase activity of mAb 38C2 (data not shown). Targeting modules with biotin functionality, by contrast, did not affect the catalytic activity of mAb 38C2. The observation that the catalytic activity of 0.5 equiv of mAb 38C2 could be completely shut down with only 1 equiv of a targeting module with -diketone functionality reveals a simultaneous docking to both reactive lysine residues of the antibody molecule.
Integrin Targeting. Next we tested whether the synthesized targeting modules can direct the binding of docked mAbs to cells expressing integrin Rv 3 and/ or integrin Rv 5 on their surface. The binding of conjugates derived from varying concentration (1×, 2×, and 4× molar ratios) of -diketone 7 and mAb 38C2 was evaluated by flow cytometry using integrin Rv 3 expressing human melanoma cell line M21. As shown in Figure 5 , compound 7 effectively mediated the binding of mAb 38C2 to the cell surface in a dose-dependent manner that likely reflects the occupation of the two active sites of the antibody molecule. By contrast, mAb 38C2 in the absence of compound 7 did not bind the cell surface. Similarly, conjugates obtained by incubating -diketone compounds 7 or 2 with mAb 38C2 efficiently bound to a human Kaposi's sarcoma cell line, which expresses both integrins Rv 3 and Rv 5. 11 Again, binding of mAb 38C2 alone or compound 7 or 2 alone was not detected.
To further analyze the selectivity of conjugate formation, we analyzed the programming of three different mAbs by three RGD peptidomimetics equipped with different docking functionalities (Figure 6 ). Compounds 2 and 9 display the -diketone functionality as acetone and cyclohexyl -diketone analogue, respectively, whereas compound 12 contains a biotin functionality. As shown in Figure 6A , mAb 38C2 was programmed by compound 2 and, less efficiently, by compound 9 for cell surface targeting, reflecting a higher K M of mAb 38C2 for cyclohexyl -diketones. 23 As expected, biotin compound 12 was incapable of programming mAb 38C2. Neither compound was capable of programming control mAb 26G10, which has the same isotype (mouse IgG2a) as mAb 38C2 ( Figure 6B ). By contrast, anti-biotin mAb Antibody 38C2 was used at 25 µg/mL after preincubation with compound 7 in half equimolar (dotted green line), equimolar (thin green line), and twice equimolar (bold green line) concentration. The negative controls were 25 µg/mL mAb 38C2 alone (thin red line), twice equimolar compound 7 alone (dotted red line), and secondary antibody alone (thin black line). In all experiments, FITC-conjugated goat antimouse secondary antibodies were used for detection. The y axis gives the number of events in linear scale, and the x axis is the fluorescence intensity in logarithmic scale.
BN34 (Sigma-Aldrich) was programmed by biotin compound 12 but not by -diketone compounds 2 and 9 ( Figure 6C ). Although the covalent conjugations involving mAb 38C2 compared favorably to the noncovalent conjugate formed by mAb BN34 and compound 12 ( Figure 6A vs Figure 6C ), the latter proves the general applicability of our targeting strategy.
SKB compounds 3 and 4, the parent molecules of -diketone compounds 7 and 2, respectively, were shown to bind to integrins Rv 3 and Rv 5 with comparable affinity. 19 Yet, as shown in Figure 7A , we found that compound 7 mediated binding of mAb 38C2 to MDA-MB-435 human breast cancer cells less efficiently than compound 2. This finding could be explained by the different linker compositions, polymethylene versus PEG, that separate the integrin binding core from the -diketone functionality in compounds 7 and 2, respectively (Figure 3) . In fact, replacing the polymethylene linker of compound 7 with a PEG linker yielded compound 8, which revealed improved mAb 38C2 programming ( Figure 7A ). On the basis of the apparent superiority of the PEG linker, our second generation of -diketone compounds, based on SKB compound 5 and Merck compound 6, was equipped with PEG linkers. Compound 10, which was based on SKB compound 5, was found to be the most efficient mediator of cell surface binding ( Figure 7A ). A comparison of -diketone compounds based on Merck compound 6 is shown in Figure 7B . Compounds 21 and 23, which have the linker plus -diketone functionality attached to opposite sites of the integrin binding core (Figure 4) , were able to mediate the binding of mAb 38C2 to MDA-MB-435 human breast cancer cells with an efficiency comparable to that of compound 2. Interestingly, compound 22, which differs from compound 23 in that it possesses a shorter PEG linker, was notably less efficient, suggesting that linker length is a critical parameter in allowing the compound to simultaneously bind the antibody and the cell surface receptor. By contrast, compounds 17-19, in which the linker is attached through the core phenyl ring (Figure 4 ), were inactive (data not shown) and compound 20, in which the linker is attached to the nitrogen atom rather than to the phenyl ring of the aspartic acid mimetic (Figure  4) , was less efficient than compound 21 ( Figure 7B ). These results provide clear instructions on how Merck compound 6 can be derivatized without affecting its integrin binding capability.
Molecular Docking Study. To probe our results of the placement of linker plus -diketone functionality to the above-described RGD peptidomimetics in different positions, we carried out molecular docking studies using structures 72-76 (Figure 8) . Here, compounds 72 and 73 represented the SKB-type molecules 2 and 7-12, and compounds 74 and 75 represented the Merck-type molecules 17-23. In earlier studies, several groups have performed molecular docking calculations using various RGD peptides and peptidomimetics, including 3, 4, and 6. 24, 25 These molecular docking studies were conducted using AutoDock 3.0.5 program 26 on the basis of the published crystal structure of the extracellular portion of the integrin Rv 3 heterodimer alone 27 or in complex with a cyclic RGD pentapeptide, 76, 28 in addition to photoaffinity cross-linking studies. 29 We used the crystal structure data of the integrin-ligand complex for our molecular docking studies, which have been shown to successfully reproduce the experimentally observed binding mode. The methods of calculation were similar to those previously described by Kessler et al. 25b except that the calculated binding mode of the antagonists was not minimized further (see Supporting Information for the details).
Initially, we performed the docking calculations with structure 76 to reproduce the observed binding mode of the cyclic RGD peptide in the crystal structure of the integrin-ligand complex. 28 We also calculated the molecular docking of compound 72 and compared the results with the published data by Kessler et al. 25b Molecular docking of both 72 and 76 was in close agreement with the reported data (see Supporting Information). Next, we calculated the molecular docking of compounds 73 and 74, the results of which are shown in Figures 9 and 10 , respectively. Both the structures 73 and 74 represented a binding mode identical to that of cyclic RGD ligand 76 and SKB molecule 72 in each case. This binding mode for 73 was among the first three preferred solutions for 73 with the third lowest free energy of binding (E ) -8.54 kcal/mol) and involves carboxylate oxygen complexation with the Ca 2+ ion at the MIDAS region in the chain, whereas the aminopyridine side chain inserts into a narrow groove at the top of the propeller domain of the R chain. The benzodiazepine ring lies at the interface between the R and subunits, whereas the N-methyl group points outside the receptor surface, which makes the methyl function a suitable location for incorporating the linker. In fact, the methyl function in 73 points away from the receptor surface in all three preferred binding modes. For the Merck-type molecule 74, the binding mode depicted in Figure 10 has the lowest free energy of binding (E ) -8.54 kcal/mol) and is representative of the most populated cluster among the first four preferred clusters. In this mode, the guanidine mimetic group interacts with the regions of Asp150 and Asp218 of the R chain; one of the oxygen of the aspartic acid mimetic group of 74 makes contact with the Ca 2+ ion, and the other oxygen interacts with the backbone of the Asn 215 of the chain. In addition, one of the sulfonamide oxygen forms a hydrogen bond with the guanidine group of Arg214 in the chain and the internal phenyl ring of 74 possesses a π-π stacking interaction with Tyr178 of the R chain. Moreover, both the guanidine "N" and the 4-position on the benzenesulfonamide were found to be suitable locations for linker placement in the Merck-type molecules. Failure of the benzene ring based linker derivatives of these molecules as evident from our binding assays was further supported by molecular docking calculations with compound 75.
In Vivo Studies. In a study we published elsewhere, 11 the complex formed by mAb 38C2 and -diketone compound 2 was shown to spontaneously assemble not only in vitro but also in vivo after injecting mAb 38C2 intravenously and compound 2 intraperitoneally into mice. In doing so, mAb 38C2 extended the circulatory half-life of compound 2 by more than 2 orders of magnitude. We also found that the complex, in contrast to mAb 38C2 or compound 2 alone, effectively reduced tumor growth in mouse xenografts modeling human Kaposi's sarcoma and colon cancer. Interestingly, whereas the human Kaposi's sarcoma cells (SLK) expressed integrins Rv 3 and Rv 5, the xenografted human colon cancer cells (SW1222) did not. We suggested that the colon cancer inhibiting activity of the complex is due to an inhibition of mouse endothelial cells that express integrins Rv 3 and/or Rv 5 and infiltrate the human xenograft in a process known as tumor angiogenesis. In support of the suggested antiangiogenic effect, we showed that the complex formed by mAb 38C2 and -diketone compound 2 binds to mouse and human endothelial cells and inhibits their proliferation in vitro. For cancers in which both tumor and tumor endothelial cells express integrins Rv 3 and/ or Rv 5, such as in our Kaposi's sarcoma, the complex is likely to exhibit a dual antitumor and antiangiogenic effect. Similar effects were also noticed by Kok et al. based on a conventional mAb conjugate in which cyclic RGD peptide c(RGDfK) was conjugated to a mAb through surface lysine residues. 30 In conclusion, by weaving together synthetic chemistry and antibody technology, we developed a conceptually novel class of antibody therapeutics. In essence, a generic antibody molecule was programmed using a diverse set of RGD peptidomimetics for targeting the cell surface protein integrins Rv 3 and Rv 5. Both components of this system, antibodies as well as the RGD peptidomimetics, have been successfully used as therapeutics in general and for cancer therapy in particular. However, a blend of these diverse components promises RGD-based therapeutics with a generic effector element in a defined formulation. In our prototypes described here, the reactive lysine residue in the active site of aldolase antibody 38C2 forms a covalent bond with a -diketone functionality that was linked to RGD peptidomimetics. These prototypes were found to be efficient in terms of (i) spontaneous complex formation in vitro and in vivo, (ii) cell surface targeting, (iii) circulatory half-life extension, and (iv) tumor growth inhibition.
Experimental Section
All nonaqueous reactions were carried out under an argon atmosphere with commercial grade reagents and freshly distilled solvents. The 1 H NMR spectra were recorded on Varian Unity Inova or Bruker instruments. Chemical shifts are reported in ppm relative to tetramethylsilane. Flash column chromatography was performed using EM silica gel 60 (230-400 mesh). Experimental procedures for the synthesis of the precursors and their physical data are briefly described in the Supporting Information.
Compound 7 (General Procedure). Boc deprotection of acid 13 (130 mg, 0.19 mmol) using TFA (0.5 mL) and anisole (0.5 mL) in CH 2Cl2 (2 mL) afforded the corresponding amine as TFA salt (140 mg), which was used in next step without purification. Compound 1a (87 mg, 0.2 mmol) was added to a solution of the above-described crude product (140 mg) and Et 3N (0.14 mL) in CH3CN (2 mL). The mixture was stirred at 0°C for 4 h and washed with aqueous 10% citric acid, solvents were removed under vaccum, and the residue was purified over silica gel (CH 2Cl2-MeOH, 19:1 to 4:1). Product was further purified using prep-TLC (CH2Cl2-MeOH, 4:1) to afford 7 (50 mg, 31%). 1 (3H, s), 1.95 (2H, m), 1.52 (2H, m), 1.44 (2H, m), 1.27 (2H, m) Compound 8. Compound 14 (84 mg, 0.12 mmol) was deprotected using TFA (0.5 mL) and anisole (0.5 mL) in CH2-Cl2 (2 mL). The crude product was treated with 1a (54 mg, 0.13 mmol) and Et3N (0.14 mL) in CH3CN (2 mL) to afford 8 (55 mg, 50%). Rf ) 0.7 (CH2Cl2-MeOH, 7:3). Compound 2. 17 Compound 15 (585 mg, 0.87 mmol) was deprotected using TFA (2.5 mL) and anisole (2.5 mL) in CH2-Cl2 (10 mL), and the crude product was treated with 1a (450 mg, 1.1 mmol) and Et3N (1 mL) in CH3CN (20 mL) to afford 2 (380 mg, 50%) after purification over silica gel, followed by prep-TLC. R f ) 0.55 (CH2Cl2-MeOH, 4:1). HRMS (ESI-TOF high acc) calcd for C47H64N5O11 874.4597 (MH + ), found 874.4601. Compound 9. The crude product, obtained after deprotection of compound 15 (100 mg, 0.15 mmol) using TFA (0.5 mL) and anisole (0.5 mL) in CH2Cl2 (2 mL), was treated with 53 (75 mg, 0.17 mmol) and Et3N (0.15 mL) in CH3CN (2 mL) to afford 9 (68 mg, 50%) after purification over silica gel followed by prep-TLC. 1 Compound 10. Compound 16 (72 mg, 0.09 mmol) was deprotected using TFA (0.5 mL) and anisole (0.5 mL) in CH 2-Cl2 (2 mL), and the crude product was treated with 1a (42 mg, 0.1 mmol) and Et3N (0.13 mL) in CH3CN (2 mL). The mixture was washed with 10% citric acid and then purified over silica gel followed by prep-TLC to afford 10 (42 mg, 54%). Compound 11. A crude product from the N-deprotection of 13 (30 mg, 0.045 mmol) was treated with 45 (17 mg, 0.05 mmol) and Et 3N (30 µL) in DMF (1 mL). The mixture was purified after treatment with AcOH (0.1 mL) over silica gel using CH 2Cl2-MeOH followed by PTLC (CH2Cl2-MeOH) to afford 11 (14 mg, 40%). 1 Compound 12. The crude product, obtained after compound 15 (50 mg, 0.074 mmol) was deprotected using TFA (0.2 mL) and anisole (0.2 mL) in CH 2Cl2 (0.8 mL), was treated with 45 (30 mg, 0.09 mmol) and Et3N (80 µL) in DMF (1 mL) to afford 12 (35 mg, 60%) after purification over silica gel using
